Desulfovibrio vulgaris Hildenborough, a sulfate-reducing bacterium classified as an obligate anaerobe, swam to a preferred oxygen concentration of 0.02 to 0.04% (0.24 to 0.48 M), a level which also supported growth. Oxygen concentrations of 0.08% and higher arrested growth. We propose that in zones of transition from an oxic to an anoxic environment, D. vulgaris protects anoxic microenvironments from intrusion of oxygen.
Since their discovery 100 years ago, sulfate-reducing bacteria have been classified as obligate anaerobes. Recently, several strains of Desulfovibrio and other sulfate reducers have been shown to survive prolonged exposure to oxygen (1, 3) . Active sulfate reduction may occur in zones of transition from an oxic to an anoxic environment at relatively high oxygen tensions (2) . Motile Desulfovibrio cells grow as a sharp pellicle (13) at a location in an artificial oxygen-sulfide gradient where the oxygen concentration is low but not low enough to make the gradient anoxic. This indicates that these cells not only tolerate low concentrations of oxygen but also may prefer the presence of oxygen during growth. Strains of the genus Desulfovibrio exhibit respiration rates that are comparable to those of aerobic bacteria (4) . It is generally accepted, however, that aerobic metabolism does not support growth of sulfate-reducing bacteria but enhances survival of such organisms when they are exposed to aerobic conditions (8) . In sulfate respiration, sulfate is reduced to sulfide. Oxygen can reoxidize the sulfide to regenerate an electron acceptor (17) . In addition, some sulfate-reducing strains were able to use oxygen directly as an electron acceptor with hydrogen as the electron donor, generating substantial amounts of ATP (4, 5) . However, cultures homogeneously aerated with 0.5 to 2% oxygen were unable to grow more than one generation (14) . Thus, either cells could not utilize the energy from aerobic respiration for growth or the oxygen concentrations used in the study were toxic to cell growth.
The formation of a sharply defined growth pellicle of Desulfovibrio cells in an oxygen gradient (13) suggests that these cells may be aerotactic. Many microorganisms use aerotaxis, a rapid swimming response to oxygen, to navigate to microenvironments where the oxygen concentration is optimal for growth (16) . A method to estimate the preferred oxygen concentration for growth by using a novel aerotaxis assay in a spatial oxygen gradient has been developed in this laboratory (18) . An estimate of the preferred oxygen concentration for D. vulgaris was determined by this method.
Batch cultures of Desulfovibrio vulgaris Hildenborough (6) were grown anaerobically in medium C or D as described by Postgate (15) . Selection of motile cells after swarming on anaerobic 0.3% semisoft medium C agar plates increased the fraction of motile cells from 10 to over 90%. Determinations of oxygen tolerance and oxygen-dependent growth were performed with constant sparging (8 ml s Ϫ1 ) of the culture in the apparatus shown in Fig. 1 . A 1:150 dilution of stationary-phase cells was added to 15 ml of medium in a glass culture tube (20 by 150 mm) with a screw cap that had been preincubated overnight in an anaerobic hood (Coy). The sparging gas was mixed by using "proportionators" (11) to combine a specified concentration of oxygen with an H 2 -CO 2 -N 2 (10:10:80) anaerobic gas mixture. To minimize evaporation, gases were humidified by passage through deionized water in gas washing bottles. The entire apparatus was placed in a 37°C room. Evaporation was not significant during growth for 175 h. Growth was monitored at 600 nm by raising the sparging needle above the light path and inserting the culture tube into a spectrophotometer. For temporal and spatial aerotaxis assays, cells were grown in an anaerobic hood in medium C and transferred to a microchamber ventilated with a gas mixture for microscopic analysis. To monitor the response to an increase or decrease in oxygen (a temporal gradient assay), a 9-l drop of bacterial suspension diluted in fresh anaerobic medium C (2 ϫ 10 7 cells/ml) was placed on a microscope slide in the microchamber and analyzed as described previously (11) . The average cell speed and reversal frequency were determined by computerized motion analysis (12) . In a spatial gradient assay, the oxygen concentration at the edge of the aerotactic band of cells (2 ϫ 10 8 cells/ml) in a flat capillary (0.1 by 1 by 50 mm; Vitro Com, Inc., Mountain Lakes, N.J.) was estimated as described earlier (18) .
In a temporal assay, the average swimming speed increased from 32 Ϯ 6 m s Ϫ1 (mean Ϯ standard deviation) to 60 Ϯ 10 m s Ϫ1 (n ϭ 47; P Ͻ 0.001) when the ventilating gas was switched from nitrogen to air. In all bacterial species that have been studied, the energy source for the bacterial flagellar motor is an electrochemical ion gradient (9, 10, 13) . The increase in swimming speed suggests that oxygen can be used by D. vulgaris to generate an ion motive force. This would be consistent with the earlier studies showing oxygen-dependent ATP synthesis in sulfate-reducing organisms (4). The reversal frequency increased from 0.21 to 0.75 s Ϫ1 after the ventilating gas in the microchamber was switched from N 2 to air, indicating that 21% oxygen is a repellent.
In a flat capillary loaded with a bacterial suspension, an oxygen gradient forms near the meniscus. Bacterial respiration is a sink for oxygen that diffuses across the meniscus. A focused band of D. vulgaris cells formed in the oxygen gradient within 10 min (Fig. 2) . Since the oxygen level at the band was well below the sensitivity of an oxygen needle electrode, we utilized an alternative method to estimate the preferred oxygen concentration (18) . The concentration of oxygen perfusing the capillary headspace was lowered in steps, and the distance of the aerotactic band from the meniscus was measured. A plot of band distance versus the log of the oxygen concentration was extrapolated to an oxygen concentration of 0.02 to 0.04% at the origin (Fig. 3) . This approximation of the preferred concentration of oxygen for D. vulgaris is an upper limit since the oxygen concentration in the band may be lower than the ambient oxygen concentration, due to oxygen consumption by the cells.
To determine the tolerance of D. vulgaris for oxygen, cells were grown at different oxygen concentrations (Fig. 1) . Cells grown in lactate and sulfate as the electron donor and acceptor, respectively (with or without oxygen), required H 2 for growth (data not shown). Growth was not affected significantly Anaerobic cells grown in medium C were transferred to a flat capillary and placed in a microchamber ventilated with a nitrogen-oxygen gas mixture. The distance of the band (Fig. 2) from the meniscus is plotted as a function of the log of the oxygen concentration in the headspace.
by 0.04% (0.48 M) oxygen but was completely inhibited by 0.08% (0.95 M) oxygen (Fig. 4) .
The growth yield was determined for oxygen-independent, sulfate-dependent growth in the anaerobic hood. Sulfate levels were varied from 32 mM (present in medium C) to 14 M, and cells were grown for 5 days to estimate the yield as a function of sulfate concentration (data not shown). No anaerobic growth was observed in 14 M sulfate. In 126 M sulfate, cells grew from an initial optical density at 600 nm of 0.063 to 0.12 (approximately one doubling). However, there was slow linear growth of D. vulgaris in Postgate's medium D containing 14 M sulfate if 0.04% oxygen was added to the sparging gas (Fig.  5A) . As the initial sulfate concentration was raised, biphasic growth occurred, whereby an early exponential phase was followed by slow linear growth similar to that observed in the presence of 0.04% oxygen at low sulfate concentrations (Fig.  5B) . Apparently, cells grew rapidly until the available sulfate was reduced and then switched to oxygen-dependent growth. The linear oxygen-dependent growth suggested that some factor was rate limiting. It is not likely that the supply of oxygen was rate limiting. Calculations predict that the sparging rate would maintain 0.037% oxygen in a culture that had an optical density at 600 nm of 1.0 and a respiration rate (14) of 150 nmol ml Ϫ1 min Ϫ1 . In 14 M sulfate, the synthesis of sulfur-containing amino acids may have been growth limiting, as growth rates increased when cysteine and methionine (0.005%) were included in medium D (Fig. 5A) . The inclusion of 250 M sodium sulfide further accelerated O 2 -dependent growth (Fig. 5A ), but the rate was highly dependent on the concentration of lactate (data not shown).
In summary, we have determined the maximum oxygen tolerance of D. vulgaris and have shown that this organism is capable of O 2 -dependent growth. The mechanism by which oxygen-dependent growth occurs is not yet clear. Fuseler et al. (7) recently reported that oxygen consumption in Desulfovibrio desulfuricans CSN was coupled to the oxidation of sulfide to sulfur, after which the sulfur underwent disproportionation to sulfide and sulfate. Oxygen was also reduced in a separate reaction, possibly involving a periplasmic cytochrome c capable of both reducing sulfur and being autoxidized by oxygen. Whether this mechanism is related to the earlier observed coupling of O 2 respiration to ATP synthesis remains to be determined. Questions as to the role of oxygen-dependent growth in D. vulgaris arise. Oxygen does not increase the growth rate or yield unless sulfate is limiting. It is possible that oxygen does not enhance growth significantly in the natural environment. We postulate that aerotaxis in D. vulgaris is primarily a defense mechanism against the intrusion of oxygen into the anaerobic environment. At low concentrations of oxygen, the D. vulgaris cells can move toward the oxygen source and, via rapid respiration, reduce the oxygen to water. This may play an ecological role in the zone of transition from an oxic to an anoxic environment, protecting both D. vulgaris and other obligate anaerobes from the toxic effects of oxygen.
